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OPTOACOUSTIC SPECTROSCOPY ro OL L(,T hYDRAZI[L FUHtLS

I NTRuDUCT ION

1he ,! . Air" Force now h!-. need ut .i ortahle rt,-) I (, i ' ,
with d sen, iLi vi ty of aL 1 u st I).1 ppii, tur the hydrizi ni t lic Theretur, tO
purpose of Lnii report is to present the Crinciples atid practice of Qjtoacm-. c
spectroscopJy and a theoretical analysis ol the feasibility for ising this tech-
nique to detect the gaseous hydrazine fuels (hydrazine, nionomethylhydrazine
JMMHJ, and 1,1-dimethylhydrazirie {UDMH}). The success of nu;nerous efforts to
detect small quantities of gaseous pollutants is shown in Table 1.

BACKGROUND

The optoacoustic effect was discovered by Alexander Graha.:i Bell over
9J years ago (30-32). In his pioneering experimetLs, Bell focused mechanically
chopped, non-dispersed sunlight onto a sample tube. When the light fell inter-
.ittently on a solid or liquid in the sample tube and was absorbed, Bell wit-
nessed a "sonorousness" through an attached listening tube (a short length of
tubing connected to one end of the sample cell, with the other end placed in the
observer's ear). rhe frequency of the emitted sound was that at which the inci-
dent light was modulated.

Tne transformation of optic to acoustic energy was reported: "...the
pulses of absorbed optical quanta are degraded in the sample to heat pulses,
which in a gas, express themselves as pressure pulses, that is, sound...."(32).
In su, nariziny the sonorous effects produced in a variety of ,iaterials, Fell
prophesied: "I recognize the fact that the spectrophone must ever reiiain a mere
adjunct to the spectroscope; but I anticipate that it has j wide and independent
field of usefulness in the investigation of absorption-spectra in the ultra-red"
(32).

Mercadier, Preece, Roentgen, and Tyndall also reported studies of the opto-
acoustic effect, particularly with gases (216, 28b, 298, 299, 357). Their at-
tempts were not very successful, due to the lack of sensitive acoustic detection
devices. After these early studies, no further work was reported unlil 1938.

In 1933, three independent investigators reported the application of the
optuacoustic effect to gas analysis. Luft, Piund, ind Veinqerov all d,,scrihed
instruments for the analysis of gases and gas mixtures which utilized the opLo-
acoustic effect to detect their absorption of infrared radiation (19b, 273, 3(9-
362).

Since then, numerous investigators have measured the vibrational relaxation
rates in yases, dnd have presented theoretical treatments of thu optoacoustic
effect (4, 6, 7, 11, 12, 16, 20-27, 42, 43, 4b, 47-52, 54-56, b8, 60, 61, 64,
bb, 69-71, 75, 17, 80, 91, 92, 94, 95, 106, 107, 110-113, 115, 118, 119, 124,
125, 136, 148-1b4, 153, IoU, 1o3, lo/, 113-118, 181, 18b, 13b, 194, 202-2%),

3



TABLL 1. LASEH OPTOACOUSTiC SPECTROSCOPY-OLTECTABLE GAS
S TNSIT VIIiES (INTERFERENCE-FREE)

Gas Laser Wavelength (Jim) Sensitivity (ppb) Reference

Acetonitrile CO, 9.4 P(16) 670.0 252

Acetylene CO2 10.4 P(14) 3.0 252

Ammonia CO 10.4 R(6) 3.3 252
CO2  9.4 R(50) 0.8 252
CO2  1 0.7 '(32) 1.2 204
co 6.2 P15) 0.4 176

O2 9.2 R (30) 0.3 318
C2 10.4 R(6) 1.1 318

Benzone CO 9.4 P(30) 48.0 252
9.4 P(20) 143.0 252
9.6 P(30) 3.0 176

1,3-Butadiene CO 6.2 P(13) 1.0 175
CO2  10.7 P(30) 2.0 176

utane C 2  10.4 R(14) 200.0 252

T-Butanol CO2  10.4 P(34) 26.0 252

C 10.4 P(30) 31.0 252

1-Butene CO 6.1 P(9) 2.0 175
CO2  10.8 P(38) 2.0 176

Cyclohexane CO2  9.4 P(28) 250.0 252

Cyclohexanone CO2 9.6 P(10) 20.2 71

1,2-)ichloroethane CO2  10.4 P(10) 450.0 252
CO 10.4 P(22) 500.0 252

Dinitrate CO2 9.6 P(14) 8.26 71

2,4- i n i trotolutno CO2  9.6 P(16) 0.5 71

tthyl Acetdte CO2 9.4 P(6) 8.3 252
c 9.4 P(14) 9.0 252

Ethylene CO2  10.4 P(14) 2.6 252
CO2  10.5 P(14) 0.2 176
CO2  10.5 P(14) 0.3 177
C 10.5 P(14) 0.3 330

Ethylene Glycol CO2 9.4 P(14) 38.0 252

Freon-I CO2 9.4 R (22) 18.0 252

Freon-12 CO2 9.4 R(20) 20.0 252
C 10.4 P(30) 5.5 252
R 10.8 P (42) 0.35 318
CO, 9.2 k4(32) 2.4 318

(Uont'd. on facing page)



TABLE 1. (Cont'd.)

_2as Lase Wavelength (1irm) Sensilivity (ppb) Peference,

Freon -113 % ~ 9.4 P(26) 5.0 2')2

Freon -114 C02 9.4 P(14) 3.6 252

Furan C02 10.4 R(30) 25.0 252

lodo Propane %0 9.4 R(24) 350.0 252

Isopropanol %0 10.4 P(10) 29.0 252

Methane l-e-Ne 3.4 10.0 174

Methanol C0(2 9.7 P(34) 0.3 176

Methyl Chloroform %0 9.4 R(24) 11.0 252

Methyl Ethyl Ketone 002 10.4 P(22) 83.0 252

Methyl amine CO 9.4 P(24) 120.0 252
oC 9.6 P(30) 25.3 71

Nitric Oxide 00 5.2 P(1 1) 0.4 176
00 5.3 P(12) 10.0 175

Nitrogen Dioxide 00 6.2 P(14) 0.1 1-/o
Dye 0.5 - 0.6 4.0 64

Argon Not reported 5.0 137

Nitroglycerine 00C2 9.4 P(14) 0.7 252
00 9.4 P(14) 0.23 71

Ozone %0 9.4 P(14) 9.0 252

Perchloroethylene 0Q 10.4 P(42) 3.2 252
210.4 P(40) 4.3 252

10.8 P(42) 1.1 318
C 10.8 P(40) 1.4 318

Propylene 00 6.1 P(9) 3.0 176

Sulfur tHexafluoride %0 10.4 P(16) 0.2 252

Trichloroethylene 00 10.4 P(20) 13.0 252
C1 10.6 P(24) 0.7 176

310.6 P(20) 4.2 318

Vinyl Chloride 002 10.4 P(22) 12.0 252

Water 00 5.9 P(13) 14.017



207, 208, 209, 211, 212, 228, 235, 240, 246, 256, 257, 259, 262-268, 270, 271,
286, 287, 292, 294, 295, 297, 300, 303, 313-315, 318-320, 322, 330, 336,
342-345, 347, 351-356, 365-368, 370-373, 379, 381-383, 387). Refinements in the
instrumentation used for optoacoustic weasurements have also been reported (1,
4, 5, 9, 18, 20, 22, 24, 35-39, 41, 42, 44, 46, 54, 55, 62, 63, 66, 67, 73, 74,
78, 79, 81, 82, 84, 85, 90, 93, 96-101, 103, 104, 114, 116, 117, 120-123, 131,
132, 137, 145, 146, 149, 156, 157, 162, 168-172, 179, 180, 186, 187, 190, 193,
197, 199-202, 215, 220, 224-227, 229, 236-239, 241, 243-245, 248, 249, 252, 253,
260, 261, 269, 272, 274-276, 278, 219, 28!-291, 293, 301, 302, 304, 321, 332,
334, 337, 338, 341, 348-350, 359, 364, 376, 385, 386).

In addition to studying gases by optoacousLic spectroscopy, many inves-
tigators have applied this technique to the direct examination of solid and
semi-solid samples (3, 8-10, 13-15, I/, 19, 33-i-, 53, 57, 12, 76, 83, 86, 114,
126-130, 133-135, 155, 159, 161, I1),!, 166, IN?, 1,33, 191, 192, 195, 198, 206,
210, 213, 217, 223, 230-234, 247, ,, 25,, 217, ?9b, 305-312, 316, 317, 333,
335, 340, 346, 363, 3b9, 314, 3/C-81, ;,, 3 Houghton and Acton observed opto-
acoustic signals from films of acetylene soot, camphor soot, flat-black paper,
and black-body cdvities (133). HdrsnmoarQer and Robin, who described an experi-
mental configuration for optoaco'isti spectroscopy in the UV and the visible
region, reported its application in arnalyzinq various solid samples--includinq
powdered K2 Cr 07, flower petals, kirass, dried blood smears, ultramarine, and
carbon black (118). Rosencwaig described the use of optoacoustic spectroscopy
to obtain spectra for inorganic samiples and biological materials (304-312).
Parker (258) and Parker and Hitke (2b9) observed uptoacoustic signals froml a
surface film on the window of a sample cell designed to study the collisional
deactivation of singlet molecular oxygen. Bennett and Forman (33-39), Kerr
(159), Kerr and Atwood (160), and Roseicwaig and Gersho (310, 311) developed not
only theoretical interpretations of the optoacoustic effect observed in sample
cells excited by laser or continuuri sources but also theoretical explanations
for the neat transfer process at the soliej-gas interface. The measurement and
theory of thermal diffusivity and oP]tica] absorption spectra, particularly for
nonhomogeneous samples, have also been documented (14, 16, 27, 28, 33-39, 48,
52, 56, 60, 61, 69, 70, 75, 77, 80, 81. 91, 92, 94, 112, 113, 115, 118, 119,
122, 126-130, 133, 134, 155, 159, 160, 164, 166, 171, 173, 174, 177, 181-183,
185, 188, 191, 192, 195, 196, 205-208, 210-212, 217, 223, 234, 247, 256, 258,
259, 262, 265, 267, 296, 297, 300, 310, 311, 313, 316, 317-319, 330, 334-336,
340, 345, 351, 353-356, 3h0-362, 365, 3b6, 3/0, 372, 378, 382, 384).

One of the most recent applications of optoacoustic spectroscopy has been
the detection of asbestos fibers (mt~rysotile) in municipal drinking water at
concentrations as low as 0.1 nanograiis per cubic centimeter (277). Also, the
General Motors Research Laboratory hds fabricated an optoacoustic spectrometer
to measure diesel engine exhdust particulate emissions with a O.5-sec response
time (254, 275, 276).

In brief, according to the fort,qoint review of the developr:ent and applica-
tion of optoacoustic spectroscopv, its iuse in (, aseous durd in solid analyses hli,

been established and accelerated with the iuttdt tion of laser source1.
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t~ ie IIs e r I s o d aeo - ps ;1 t ( i t Ihr o L,,Ih I ro atri1(l''" eildril
I I~p e f. lic imOdu ateld baa tile, p a S S t h r 0U dt a r I ue r t ot Io S

,,IP e . Eniergy absorbed troci ttie Ioe ri- ,' tS L ji~ s mf(j caises i p'e-ts
srito r i so. Since the beaw h~1o hi. sr' rise i S per uord at

,fie it (Iu I Id t Ir ut frequeri(:y. tie I kor, od ic p res iire t I UC L LI d OIs dare d 0 tecot
ruvi icroptoone, converted to an elec tr Ica I i qnom I , (ind amipI i f io,, by the pre-

amp 1lit i er . [tie detector at the, exit (It tri, optoaicoust Icolrl i su5 to s a!"i e
the laser beatm so that comrpensation can be wade for, viriations in the optoacorus-
ti1c spectra causedl by wavelength and temporal inteni ity f luctuations of the
laser ei~rlssi on. The two synchronized lock-in ailiplifiers in the signal-
processinri section coimpenSate tor phase changeps due to 1laser heari wal i rig,, since
a mechanical chopper with narrow slits converts oei walking to phase cnanges.
Copensation for the aforementioned effects is accomiplished by ratioinq, withr
the ratiom-ieter, the outputs of the lock-in orrl ifiers. The optoacoustic spectral
are usually recorded on a strip-chart recoruler for subseqgsent analysis'.

Acoustic Sjini 6eneration Proc-ess

In order to r~iaximiize time sensit !vity f an" optodCOUStIC system and entiance
its trace gas detection capabilities, one iist understand th.le acoustic sional
generation process and the varuthies affectinq *

The first step in the generation of arl OptoacotiStiC signal is the absorp-
t ion of energy from the modMl teJFTdser heor~. Tii is abSire edIrenn",y produces a
pen o i cal ly vary inrg heat di sturbanrce inr the gas, and ecirtthe source of ,nunl
energy. A theoretical analysis Of the acoustic si .(lnal generationl process has
been developed by RosenrIren (313. 314) and by othiers (I. ), 11, 12, lA'-Ib,
33--/b, 39, 42, 70, 71, 80, 113, 150, 152, 155, 16U, 1/3-176, 191, 203, 20-1, 2Pb,
208, 211, 212, 230-23Z, ?40, 24.2, 25or, ?,11, 306-308, 35(?, 354, 3b2). Tne
important descriptive relat ionships are soirarized here:

The intensity of a laser b~eam~ (erg.cmi 'sec ~)Can be exp)ressed as Irt
where r describes posit io df aid t is t iine . "he heat di stirhanlce produced by toe
beam~ can b e represented as H(r,t) . H has dimensions of power per unit vol' ucre
(ergj-cr *sec '). For m any experimental situations, H and I are related by a
simple proportionality constant (a):

oristint (,t) lirr vensions of re, iproimal lengith (i an ) rr i cormirorl v
reterred to as, absrmon(. I-quation I is vol I when the two) to] owinir ccroi -
tions, ire sait ist ied:

a. Thte i ntens ity ( I) i s su ffi1ci1en tlIy sirial so t hait, tie absorbi ng t rars i-
tion is niot saturated.
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:tej:):, o i)utoeX dnd 1,()l dJ'drtd. H''> PO1~Itc '?~s~ iD e t:) i ,. S o *i . >, ~, dn d 4Jild llt d;, ',, l d ! , d o e e ! .: , .' it,, ' , ; ) i., , ,

or SI t LJ . ' IoS when the two t Ir ii, <on ' ons , a- 1 !ave heon < it 1 e

hoi;ver ,  I alt'+ eq,,it ion rel t mi 1 dit, I n s +. li'', q t' y i r 'i15,'

0 i, r t tile rdtci , I On let N te It ,-l r- ty t d sb rr'i 'rt- ,10e -
e s; , , the density ot adsorl 1 !111 IeC I' in the e, .ite(d st-te" h,, tile

ener ;y 6f the tradIsitl on; i.,, the I me wi Itn ef tile tranSition; S, the ine
strength of the transition; T' the radiative Iifetime; and , tne collisional
decdy time of the upper state. The equation describinq the u'per-state
population for paths of decay which are radiative and collision-induced is:

dnS + T +  S

dt I " .V C h ?(

Under nori;ial ci rcumstances, collisional excitation effects in the tpper state
are neglected; this assumption is valid as lonq as hf >> K., where k is
Boltziann's constant and T is the gas temperature.

The solution of Equation 2 yields the dependence of the ipper state
population on light intensity (1), density of absorbinot molecules (14), and
various parameters that describe the transition. Tne tire dependence of I can
be expressed as:

where 1o is a constant. Thus, a solution to Equation 2 is:

(n (t)/N) (U/F) + (2FT) - ' {1 - F exp{- r F +ff(t') dt'

t t'

"f exp tf F 21)f(L",) !dt dt 14)

The spontaneous decay rate of the upper state (T') is qiven hy:

T T + 1()

9



rht' , 11t f,~ ttd r'a L iI. ( ) f ( j i r; t()r , (r' j t~ S% Torn of rdd ifdt, i orn ?s (I iv -n by:

i 0 ,/(hvn A ) (6)

arid the quantity F is defined as:

F = 2D + - (7)

The solution to Equation 2, which gives the upper-state population density,
can be simplified if the time variation of I(t) is sufficiently slow. In
particular, if the time variation of 1(t) is slow compared to that of F, then
the left side of Equation 2 can e set equal to zero. Uinder this condition, a
solution for n is:

n IlSlhvTAv)

N (21S/hv.Av) + T- (8)

Equation 8 shows the transition saturation effect for large I, that is,
(21S/hv7rAv >> .-'); and in the limit of large I, (n1 /N) becomes equal to (1/2),

and the absorbing molecules are evenly divided between the upper and lower
states of the transition. In the limit for small I, Equation 8 reduces to:

n IST-), (9)

N hn Av

Thus, when the time variation of I is sufticiently slow, and the intensity
sufficiently weak, n is proportional to I.

Heat is generated in the gas by the nonradiative decay of the excited state
population (n,). The rate of heat q eneration is given by:

For those cases where Equation - i8 a (ood approxiration, Equations 9 and 1 raIn

he co binrd t.) yiLld a inear dependence of 1! on The resiit is:

NSi

itAvv (1!)

'U



[hus, the absorbance (a) is defined as a fuinction of tie constants descrih),nr
the transition process. The optoacoustic absorbance given by Equdtion i1
describes the conversion of light energy into heat.

[he second step in the generation of the optoacoustic Silgrdl is the ( A(.itd-
tor 1FSOund in the gas. The detailed theoreticl treatlent otfil T r.
hdS been developed by various investigators (7, 8, 11, 12, 14-16, 33-35, 3', 42,
/1), /1, 60I, 113, 150, 152, 155, 160J, 1,73-176, 191, 203, .?04, '206, 20,w, ?11, .I?,

230-232, 240, 256, 287, 30b-30 , 313, 314, . 2, 354, 368). The excitation pro-
cess for acoustic normal modes in a sam.'ple cell, the calculotion of tie qudlity
factor for these modes, and the generation of noise by thermal fluctuations dre
summarized in the following:

Sound in the gas can be described by the acoustic pressure p(?,t), which is
the difference between the total pressure P, and its average value, Po:

p = p - p 01)0

Morse and Ingard (228) have shown there is an acoustic velocity u(r,t); and
temperature {O(',t)} associated with the acoustic pressure (p). The acoustic
velocity is the fluid velocity of the gas at position r and time t caused by the
sound. The acoustic temperature is the departure from the average temperature
(T) caused by the sound.

rhe heat {H(r,t,)}, produced by the absorpticn of light, acts as a source
for the generation of sound (228). This effect can be described by:

V p - c-2 - -3 t2 = _ 1)/c 2  (DH/3t) (13)

where c is the velocity of sound, and y is the ratio of the specific heat of the
gas at constant pressure (Cp) to that at constant volume (Cv).

Equation 13 is an inhomogeneous wave equation that can be solved by taking
the Fourier transform of both sides, and expressing the solution (p) as an
infinite series expansion of the normal mode solutions (p ) of the horioqjeneous
wave equation (173, 174, 226-228, 256). The Fourier transform of Equation 13
yields:

(v2 + W2 c )p(r,W) =(Y - l)(c 2 ',iti(rw) 14)

where

( t) ( , 
i't

H =~t fH(r*,,,)e - i ' t d"



Ihe ornld I 11ode i It i orl,; t )r- d horuioerienmus wave equdtion are deteril i nle( by thfe
boundary corilitluns. It tie Wd IIs ot the 5adlhple cell dre rijid, the acoustic
ve I oc i ty C )m Ipflent normi I to the wall lust Van is h at the wall. i nce the
dCOUStiC Velocity (,u) I reldted to the gradient ot p in the fol lowin(I rUlation-
s hip (p is density):

it follows that the yradient of 1) ur:al to the boundary 11Last vanish at the
Doundary (Ili, 1/4, 228, 256). This boundary condition determines the norrmal
1.mode so]utilorlIs pj) ot the hO::ogen,,ous wave equation:

(V2 + k ) ,(5) (1 ( , )

I- tie resonant frequency of the norma iode (pj(r*)) is set equal to w1j, these
modes will be orthogonal and may be normialized with the normalization condition
givern by (173, 174, ?26-6 8, ?bb):

C * C YJP Pi <: = V .j(IB)

The volufe integral is over the sample cell volume (Vc)

For a sample cell cylinder of radius a, and length Z, Equation 18 can be
written in cylindrical coordinates (1/3, 1/4, 226-228, 256):

+r -,- - ... " )

r , r r 3 - C

Morse (226) Morse and Inqlard (221, 228) tund a solution given by:

Cos
sin (  l ' f -)l IC sin (kz ) + f cos k z)i (21)

where 10, dri N,,, ore Bes sel I uictiors of the first and second kind, respectively.
Since ri, he.0i.,,s infinite iS r dpproa.hes zero, it follows that 1 0, if
Equation 20 is to represent the pressure inside a cylindrically-shaped sample

1 9
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cell. To satisfy the boundary condition imposed by rigid sample cell walls, the
gradient of p normal to the cell walls must vanish at the walls. If one end of
the gas container is set at z = 0, and the other end is at z = z., it follows
that C = 0, and the allowed values of kz are given by:

kz  = (7/9)nz  for (nz  1,2,3 ....) (2)

Applying the same boundary condition to the walls at r = a, leads to the
condition that the derivative of Jm (k.), with respect to r, must vanish at

+ r
r a:

[d J (k-')/d r 0 (23)
r a

which is equivalent to the general expression developed by Morse (226) and Morse

and Inqard (227, 228):

[d am (OTc)/daI 0 (24)
c = Olmn

for k+ lT(mn/a (25)r

where amn is the nth root of the equation involving the mth order IBessel
function. The requirement that p be continuous, limits in to integral values.
Substituting Equation 21 into Equation 20 yields the resonant frequency of the
mode:

W [k2 + k+, (26): [ z  r

Thus the acoustic pressure (p) can be expressed as an expansion of the
normal mode pressure components (pj) and their associated amplitude components
(A1)

p (,) - A .('")P(4 ) (2)

13



substitutint -qutati on / ito t udti 1 1 i (ls:

i Y,- I )/V p* HdV
((8(w) --- -(--)

which gives the mode amplitude components (173, 174, 226-228, 256). The
integral in the numerator on the right side of Equation 28 represents the
coupling between the heat disturbance (H) and the normal mode pressure
components (pj). The denominator represents the lode resonance with A*, and
becomes infinite as (. approaches the natural resonant frequency t.o This physi-
cally unreisonable situation is the result of the absence of any loss mechanism
in Equation 13. A Lorrection can be iiade by modifying Equation 2,8 to include
diude daping described by the (qualitY factor (QOi) (173, 114, ??6-?28, 256):

ii, !(y - 1)/VC]/ pj*dV

A method for calculating Q(f from the undamped function, pj, follows:

To show the explicit dependence of the acoustic signal on the gas absorp-
tion and light intensity, H must i)e replaced in Equation 29. Using Equation 1,
the substitution yields:

1. w (0 a(Y - 1)/VC] pj*IdVMjw. - - ( _ _ _

J . 2' V_,1,,2 _7 ilQ (30)

Two cases should be considered for Equation 30. First, I is assumed a con-
stant throughout the volume of the container. In this case, the integral in the
numerator of Equation 28 vanishes for j * 0. The lowest order mode (po) has a
resonant frequency (wo = 0), and represents a constant pressure change in the
container. In this particular case, I and Po are proportional to each other,
and the vanishing of the integral for j * 0 is a direct result of the orthogon-
ality of the functions for pj. Under these conditions, Equation 30 reduces to:

A (w) - Y (- 1) I
0, [1 + (l/ITT l (31)
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TMe time ( T), in the denominator of Equation 31, is the ddl ipinq tine for po
resulting frori heat conduction from the gas to the container walls. Assu,inq
that the gas container is cylindrical in shape with a cross sectional area Ac),
length (t), and volume (VC), the total light beam power (W) is equal to IVC/4.
In Equation 31 the intensity (I) can be replaced by WX/VC, to yield:

ia(y - 1) W;Z
A o(w) = ____

+ i/lo)VC (32)

For the second case, the situation is considered where the spatial distri-
bution of the intensity is adjusted so that only the first-order mode (Pl) is
excited. Equation 30 reduces to:

A(W) (y - 1)Wk: -2
W VC[I - (2/w,2) - i, w/w,Q,)] (33)

Exciting a resonant mode (i * 0) has distinct advantages. At low frequen-
cies (WTT << 1), the zero-order mode amplitude is constant, is independent of
frequency, and has the value:

a(y - I)W xT T
Ao = (34)

VC

At high frequencies (WTIT >> 1), the amplitude decreases as 1/w. The first-order
mode amplitude reaches a maximum at w = w,. The ratio of the iaximum amplitude
of the first resonant mode to that of the ero-order mode is:

A (W )/A (O) = Q1 /Wl1 (35)

It tho vdlue of this ratio is greater than unity, then the first-order mode
amplitude is larger than the zero-mode amplitude. Thus, the value of this ratio
depends on mode damping.

Calculation of the quality factor (Q) can be accomplished by separating the
viscosity and heat conduction losses into a volume and surface loss (228). The
surface loss occurs in a thin region near the walls. This region can be consid-
ered to consist of two layers that extend out from the wall of the cell. One
layer is of thickness Xv, in which the viscosity effects take place; and the

151
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other, of thickness Xh, in which heat conduction effects occur. The associated
skin depths are (173, 174, 22b-228, 2bb):

V, V (36)

h -hI K I (37)

where is the viscosity and K is the thermial conductivity of the gas. The
total surface loss sjfis given by:

L JAjj! f.1/2 RvlutjI + 1/2 Rh !IdS (38)

where u t. is the acoustic velocity comiponent tangent to the cell's walls, and

Rv and Rh, representing the loss from viscosity and heat conduction, are given
by (173, 174, 226-228, 256):

R - ( )Wp 12) (39)
V 0

Rh-A - 1)/P c 2 (KW/2pC V)''' (40)

The volume loss (L-vj) is given by:

L. = w./pjc4)[(y - 1)(l,/2 P ± (2r,/3)1 VCIAjI (41)

The energy E3j stored in mode j is given by:

IE j VCIAj12 /P( c2  (4 2)

16



Therefore, the quality factor (Qj ) can be calculated fro i 'mjtr. ojd o , 41, and
42, and the definition of 'Q:

Energy Stored in Mode j

Rate ot Loss of Energy From fMlode i (43)

or

E
Qj = j ( ) (44)

L + L

The acoustic normal modes of the gas-filled sample cell are also excited by
theriial fluctuations, thus producing a noise source that causes a fundamental
limitation on acoustic signal detection sensitivity. Kittel (165) has described
the theory of thermal fluctuations. The power spectrum of the noise is given
by:

A .4p 
0 c2 kT

Vcjn3. j i (l-w2/Wj2 + (wIw.Q.)2 l (45)
VWi )i ) + ./ )" (5

Mode damping has an influence on thermal fluctuation noise. The total energy of
excitation for a riode is equal to kT, and is not affected hy j. * However, the
frequency coiponents of the noise depend on Qj. Increasinq Q1' shifts the noise
into a narrow band around the rode resonant frequency. In the case where the
signal frequency is well below the mode resonant frequency (W << Wj), Equa-
tion 45 reduces to:

4A n(-)I 2  
4 4 0 c kF/W.QjV (46)

This equation shows that noise ,way be reduced by incra.,, (i

A useful qiinti ty to eva I lat the performance )t a det ectur is the noise-
equivdilent-power (NIt'). The NLl' of an optoa(cols.ir. de.tector is the amotint ()f
pu.wr thit would have to be absorbed by the (las to produce a siqnal amplitude
eqrial Lo the noi.e mdpiglilitude given by Fqudtion 45. For optodcoustic systems,
the NEP is given by (40, 173, 174, 2?6-22,, 256):

(NEP) = 8ip 0c 
2 kTVcJ/J.O (y - 1)2 (47)
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and hds the units ;t power (waitts) per ijdre-rouo of frequency (hertz). [he
value ot Equation 4/ is that it (:an he w, ed to optimize the desiqn of dn opto-
acoustic systtm. It Thuws thit the NLF i ' reducel by increasinq the resonant
frequency and 0.

Acoustic Stiiral Detection

The final step in the generation of an optoacoustic signal is the detection
of the dCOUstic excitation. The detector element most commonly used is the con-
denser microphone. In order to calculate the magnitude of the electrical signal
produced by the miurophone and compensate for the noise that will be added to
this signal by the microphone and its associated preamplifier, one must develop
the behavioral theory of the microphone in the context of an optoacoustic appli-
cation (24, 29, 80, 102, 147, 173, 174, 180, 214, 218, 219, 230, 231, 240, 242,
256, 282, 291, 309, 313, 314, 327-329, 348, 377, 386). Treatiient of the con-
denser microphone i;)echanicaly--in terms of position, mass, damping, and spring
constdnt--has been documented by several investiqators (29, 173, 1/4, 180, 2i"O,
231, 240, 256, 313, 314). Also, an lctri(il model or the microphone--in ternis
of its equivalent circuit--has been develu(ped; and d summdry of this model
tollows here (173, 180, 256, 32D, 329, 14,3, 386):

The condenser microphone diaphragm is usually fabricated from a thin metal
disc that is mounted to produce a large radial tension. Acoustic pressure act-
ing on one side of the diaphrag causes it to move. This motion is detected by
a change in capacity between the diaphragm and a fixed plate, mounted behind the
diaphragm. Motion of the diaphragm may be described by the modes of vibration
for a thin plate. Since the lowest order modes will cause the greatest change
in capacity, only these modes will be considered. The motion of the diaphragm
that generates a signal can be described by a single degree of freedom, which
corresponds to the diaphragm bending into a spherical shape. To illustrate,
consider the diaphragm at rest in the yz-plane and its center at the origin.
The lowest order mode corresponds to a displacement of each point of the dia-
phragmn in the x direction by an amount, <(), given by:

x(r') = x(O)!I - Ib' l (48)

where r is the distance between the origin and any point on the diaphragm, x(O)
is the displacement of the diaphragm at the origin, and b is the radius of the
diaphragm. The average displacement of the diaphragm can be found by averaging
x(*) over the diaphragm to yield:

x = (,b 2 )- f x('r)e d' do (49)

18
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Suhstitutingj Equation 48 into Equation 49 yields:

x =1/2 [x(O)] (~l

t ihit i s, the average di spl acenient i s one-hal f the di spi acerient at the center.
The lowest order mode equation of fmotion for tme average coordinate x is:

d 2x dx +
m-+ 6- + K x = F (51)

dt 2  dt II

where ia is the mass of the diaphragm; w, the damping factor; K,,,, the restoring
force (spring counstant); arid F, the external force applied to the diaphragm.
Thre external force has two components (d dnl b):

a . the f orc e resulI t i ngy f roi:i soun d p res su re p,, A,;, , whe re Pm, i s the
average pressure over the diaphracgii, and A,, is surface area of
the di aphragIA; and

h. the force resulting from the mticrophonie's bias voltage.

The force resulting fromi the bias voltage Causes tire equilibrium position
of the diaphragm~ to shift a small amount (x,)), which is given by:

x /d = C V 2 /d 2 K (52)
0 11 B II

wher'e d is the distance between the diaphradgmi and the back plate of the micro-
phone capacitOr when the microphone is unbiased; C,', is the unbiased imicrophone
-dpdCitdnCe given by:

0 A 111 (53)

dund V13 is thre iiicrophone bias vol tage.

Thle restori ig force (Ki) is produced by the tension 1,1,,) 111 the microphone
di aplrag;:

K I -87 i (b4)

Fhi-, tens ioui u,t ho itI.ln to prevent the bids volt*mlo I ruml pullinq the
tldphrdqlll intf orti,ij withi the hack pldto.



The siiip!,st and most counaon way to bias the condenser microphone is to
apply d tixed voltage bias through a large resistor (RkB), so that (RI C) -1 is
much less than the signdl frequencies of interest. The output voltage of the
microphone (Vs) is given by:

VBA 2 _2
V - pPI -- -_ I - i 11 (55)

dK (55
M d m I- n

where ),, is the microphone resonant frequency wmm - (Km/m)''2 ], and Qm is the
quality factor Qm - (mKm/6)' 2z  The open-circuit voltage sensitivity (Sn) is
defined as the low-frequency (w << wm) ratio of the signal voltage (Vs) to the
sound pressure (pil):

S = V A /dK (56)

S, in terms of the microphone equivalent volume (Vm) is found by combining
Equations 54, 55, and 56:

Sm = VBVi/dYPoA (57)

The electrical signal generated by the microphone as a result of the opto-
acoustic pressure signal can be calculated from Equation 55 by substituting the
proper value for pm. In solving Equation 13 to find Pm, one must consider the
effect of the microphone on the acoustic behavior of the gas inside its con-
tainer (173, 180, 256, 313, 314). The addition of the microphone to the con-
tainer affects the acoustic modes of the container by changing the boundary con-
ditions on pj. In the absence of the microphone, the boundary conditions on the
rigid container walls require that the gradient of p normal to the wall must
vanish at the wall. When the microphone is added to the container, the dia-
phragm forms a part of the container wall and this part is no longer rigid. In
this case, the boundary conditions require the acoustic velocity normal to the
diaphragm surface to be equal to the diaphragm velocity (dx/dt) produced by the
acoustic pressure (Pmo), thus yielding:

L " m Km IT 11 (/W in) 2 - i[w/MQmI) ]  (58)
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tlidn tile respecL ve resonrn t frequency of th- ' ;aiipi , -ell aind riicrophonp, th,
ressure will be constant ind independent of posit io ii - the ontai ner, anio the

iriicrophone wit 1 behave like an add i t i ona 1 vol ie (VI,) aidded to the sailple cel!

k173, 180, 256, 313, 314). Thus. Ao(w) and Vs hecoie:

ao(,) _- i(N- I)W.
1+i/r Vc V(59)

0 Ill B V Ill

which gives the electrical signal produced by the microphone. These two equa-

tions describe the signal generated by an optoacoustic detector. They provide a
ieans of evaluatinq the effect of design changes on signal amplitude and
sikIndl-to-noise performance.

If the dimensions of the sample cell are kept sriall, the first acoustic
resonance riode of the combined micronhone and container will occur at the r"odi-
fied resonant frequency of the microphone. The modified sprinq constant (Kin')
carn 'e calculated fror the modified effective volure (V,,'):

g' = V - I VC I ( hI)

K Id ' - K I Vi' 2

The resorndnt frequency becowues:

, I V + I/V (63)

c'1

~w_~~':-_ -__- - - -~.-~-~. ,i



Assuming that loss comes only from microphone damping, the noise voltage

I jVsn(w)12 1 is calculated by combining Equations 46, 55, and 61-63 (where

Poc2  Y P0):

V s ( ,4 k i p s0 c "

'v = 2  
-k-I (64)

snmQmVm( + Vm/Vc) 2

An optoacoustic condenser microphone can also be modelled as a two-terminal

electrical network (173, 180, 256, 327-329, 348, 386). The small signal elec-
trical impedance of a biased microphone is identical to a series resistance-
inductance-capacitance; and (RLC) resonant circuit shunted by a capacitor. An
equivalent circuit is shown in Figure 2, in which Cm is the microphone high-
frequency capacitance, and C', L, and R are determined by the restoring force,
mass, and damping of the diaphragm, respectively:

C' = C V' /d K (65)

L = m/K C' (hn C') (66)

R = 6/K mC' = (Qm wm C')- (67)

-'I

/ H

V(;

Kijure 2. Condenser microphone equivalent olectrial circuit.
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brie i nil cdusedl hV dO dt~n c Pressure p1 )on thle di dpnlI
V')lItdqe (V,') ri so r es; wi th tile RPI' iresonant c jrciiit , dj, 1 1W! )

V (A (I/V L )p ('/8)

where

C111 0 AInii

In the miechanical model of thle microphone, the noise appeared to be caused
by viscosity anid heat conduction, which resulted in ai finite 0. In the electri-
cal model, thle noise is represented by the, resistor Johnson noise. Johnson
noise produced by the resistor in the Pquivalent circuit appears as (1 noise vol-
tage on thle output terminals, and has exactly the saiie aiiplitude as the thermial
fluictuation noise. The noise at the output terminals of the microphone gener-
ated by tile Johnson noise in resistor R3 is (40), 120, 147, 165, 197, 230, 231,
239, Z42, 256, 268, 314):

2 4kTR -l [+ V7 /V 2 -V 12 2 (6q)
W Cn WC,

Inr thle low- frequency i mi t, Equat ion 69 s ipIi fiePs to:

Vr SinT~~ (701)
w )(), V1EP + V I /V C

which is identical to Equation 64.

In addition to tile therial fluctuation noise, a significant source of noise
will be the microphone preamnplifier (Fig. 1). flevelopi'ient of thle theory of
noise introduced by thle r-icrophone-preiplifier combination has been studied by
Various inivestigators (7, 24, 29, 78, 80, 102, 173, 174, 179, 180, 197, 2)29-231,
-239, 256, 314, 327-329, 386). A summary of this theory follows.

(ihe imicrophone electrical equivalent circuit ( iq. 2) is also useful in thle
I voopuient of the pirei pl i tier noi se. A modelI of the- mi crophone and pream~pli1-

fier equivalent crk.uit is showa n F'i H re 3. Preamplifier nioise jIs represented
ioy d series vro Itdlt [101 (e soujr(e Vna 2 , and ai shunt current noiseo source

in I Id121 Noise is also gienerated by t he Johnson noise of the b)ias res istor-
(41 ); capac-itor (., arid thle associated feedback ci rcuit dre used to increase
the iniput iiipedlance, and thus increase the low-frequency response. (:oiibi nq

a. -~-. .- .3
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OPTIMUM E SIGN OF AN OPF)ACOIJ';TI C SPECTROr4LfER
10 I)ETHCJ HYDRA/INE FULLS

In designing an optoacoustic spectro|:eter, the optiItU design will depend
on the purpose of the system. The ultimdte sensitivity ot the system for
detecting minute amounts of an dbsorber YdS will be deter:;ined predoriinantly by
the following six factors:

a. the smzallest absorbed power detectable by the microphone-
preavplifier system,

b. the power density ot the irradiating laser beamr,
c. the signal caused hy scatterinq and subsequent ahsorption of the

incident laser heari by the microphone,
d. the absorption cross section of tile molecule to he detected, and
e. the signal caused by unwanted ahsorption hy other (las constitu-

ents (present in the environrent) from which a sample is drawn
for analysis.

Factors (I and e art, influenced by judicious sel ectionF ,)t the asorption tre-
quencies. This selection process requires a juantity of dta ah')ut absorption
spectra, laser frequencies, and possible interterinq ,ases. The first three
factors (a-c) carl he optimiized by employinq several )t th( equations already
developed in the previous section of this report ("Acouistic Signal Detection").
The following paragraphs present an outline that can he used tor desiniig an
optoacoustic gas spectrometer for a specific purpome.

Assu;le that the laser source has a fixed hea power )f W watts, and that
the sample cell is siall enough and the modulation frequency low enough that tile
approxilations riade to derive Equations 69 and 64 dre Valid. The ultii:iate sys-
tem design goal is to achieve tilt greatest possible absorption sensitivity (max-
i;,ize the signal-to-noise ratio). The laser iiodulation frequency (w), the
dimnensions of the sapoe cell, and the idi crophone desji qn ire the iMraINuetrs that
(.(ll readily he adiusted.



For simplicity, assume initially that the microphone preamplifier noise is
insignifica. compared to the combined noise of the entire system. Thus, the
signal-to-noise ratio can be calculated from Equations 60 and 64 to yield:

signs' (y - i) ZA 2 to 1 QM a W2

- ' - - m) ( - - (72)
noise 4kT2 VC  K Af

The factor (- 1)2 can be increased in some situations by selectinq d

monatonic gas such as helium or argon, rather than nitrogen or air, to dilute
the sample to be measured. However, in the 'ase where the hydrazine fuels are
diluted in air, y is not adjustable. The factor kT in the denominator suqqests
operating the system at as low a temperature as possible. Unfortunately,
condensation may prevent lowering T very much.

The factor (.zAm/VC) 2 can be regarded as a coupling coefficient between the
microphone and the sample cell. This fac tor becomes large when a large area
microphone and a small cross-section cell are used. For example, if the sample
cell is a cylinder having length z and a cross-sectional area AC, the volume is
VC = zAC and the factor (XAm/VC)2 equals (Am/AC) 2 . To maximize this factor,
the smallest possible cross-sectional area is selected. This area, however, is
influenced by the requirement to focus the laser beam into the container. For
example, if the laser beam is of wavelength X and operating in the lowest order
transverse mode, then the minimum beam diameter at the ends of the gas container
is achieved when the beam confocal parameter equals the cell length (79). The
resultant beam radius (w) at the input and output windows is:

w = /n) (73)

The beam radius (w) is the distance from the center of the beam at which the
electric field strength is e- of its value at the beam center. The intensity
at this point is e of its vdlue at the beam center. Selecting (w) as the
radius of the cylindrical sample cell allows most of the available laser beam
power to enter the cell. The cell area becomes:

AC - X (74)

Substituting these re,,ults into Equation 12 yields:

signal (y - 1)2 A 2 'W'

noise 4kfw XZ 6(At)
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1)) ejUot io0n inI)dicates that thejj (O I-o-i Se aio i ce~ os 'he fre-
quetouy is reduced. Lqia tior) 75 w) Wd onrived tromil the a ~ssucpt1 ilm t hot i-
thus, one mu11st ev'lluate LljUdt ion St to understand the I ow-f requerny (leptoidt'rioe
ot the si'nll i-to-noise ratio. 61o! it'Ilon )9 indicates that the siqoral-to-noise
r-ti,~l is, 'iJiAIiri wheni the trequeicy is very l ow. Pr'dct ical cf~drtin.
,j, t no ! ,i I n el ectronics , riake i t iore realI i stic to speeCtW Tils

choice will reduc.( the sitinal-to-noise ratio by a fac"tor of .'2 froml it', Ideal
low-frequency limit.

T he 1) reaiiI i t ie r no i wa S rit'j1 ~ t,ted i n thte f ore tto )(1 nalnd i s . Nhen pre-
ji;ipl if icr noise is present, optirmull systeii (lesiqn will (4f211'n (Ii' the nature of
the preamp) I i t ier- oi se. 1he siqInal amp] itudle below rescinice (I k. WI) indicates
the Si qnal aMPli tude can be incr-eased by selecting a 1 autle ri'mcrophone equi valent
vol dI e. Thle m1a), I 1Aum S I (na I am-pI lit into S ac h ieved f or V,,, >> V( . 41 des iq Tod' qoa f

V1) VC Can readi Il'v be achieved. At low frequencies, thle preamrpi i fier current
and Jonnson noi ;e from thle hias resistor are the iliain noise sources. If the
coribiried noise fromi these two noise sources is larger than the microphone fi uc-
tuation noise, thle signal-to-noise ratio is independent of frequency. If thle
pream~plifier voltage noise is Sutficieritly smallI, this treqluency independence
will be Maintained up to the resonant frequency ~ .At this resonanice, the
si joal -to-noise ratio is enhanced by a acctor of Q.Thus, operati no at reson-
anlce is desirable i f the preaiil i t ier vol ta'ie noise is sial I and tole domi nant
noise source is wiiplifier current noise. Wben this source is fluctuation noise,
thle signlal ind noise are incredsed equally by resonanice, and thie opt iiou operat-
ing condition remiains 'JT E-1 Under the condition Where several noise source-;
contribute, or I V n d and I na 'are riot independent of frequency, thle (optiC1iuii
operdt iny frequency ialy be di fterent I roi-i TT or (,. (173, 114, 12,2bn))

[he purpose ot thle fol lwinq paranraphs is to uitilize the absorption spec-
tr-c data On the hydrauine fUelF,, Mnaufacturers' equipment specifications, and
tne si giicant equation~s (level uped in this; report to spcci Itv an optoacoust ic
spectroweter design to dletect the hydrazine fuels.

Laser LWavelenqth Selection

The most convenient radiation to use in an optoacoustic s 'ystemi is thle

infrdred (IR). t-his raidiation is absurbed by many pollutants ot interest at
wavelenythis emit>',d by comiiercially available IR lasers, and the absorptionI
dependence on wavelenqth is characteristic of the 11ol ecu) ar structkire of the
Yas. Fortunately the bulk Of air (N2 ,ii2 , etc-.) is almost transparent to IM
radiation (6, 28, 48, 52, 70, 81, W2, 107, 110, 115, 124, 15?, 176, 188, 2M5,
263, M7, 2/f, 317, it18, 3??, 330, 351, 35h, 362 ), '1, i 13).

The IR ahborption spe(;trui M the hydrizi ne fuels (hydrazi lle, MMHI * IIMH)
aijani in I iqurw, 4-0. Corisiderriq the i (wlcierc iallIy ivaijl ai1o isotopic CLo

1O ", the. hvirlt n tUe~ I .isrpt ion spent rai, and the Qibsorpt ion spiectra (it the
cuol~iii tlo hu ( codilL i tten, . hit co-i ho' i terttereri(es , an operitinq wave-

'onoit railie oht It)./ Li) 1 I.I1 i 'o S 01.1 (i ( !', 1 P, 1, 3, 10
124, In?,' I/nt1;; vi'- , 22/,' m11 5i/, P,323n ! t . h
1 quifiari Model PlolA sealed-l 1;4 ! lap1 01 i , (t,t, h*" , u-w l L lasekr ,dt i st i t

th'irequ j reileilts. Iie t'chirI Cdl jI' I t 1 (,,It 100 on utr 'toe latscr tre i s ted i n
rdble2 2; the tunable operat ing wavelengths, in la!le 3-, ind the dliensional
specifications, in I iqure / (324-325).
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1 A LA 2. 1 LCHNICA[ LHARACI tkA I[~ ICS OfI YLvAN IA MOUJLL
950A U) LA',L P

Property Vlu

Uut)ut ,iavelcnq9th luriablo ovor
(pit) 20 wavelenqths

10U. ItI - 10.8 12 klm

Powor Ou t, ul 5 wat ts mii mum it
10~ or mntro w~iove I tti. H

Mole Put r Iy 11Nb

ti'arn Dia mut- inin11
1-I I i e I I i i tI

tjudm )i <u~uc fi

Palirjiztion (L-vectoir) Vertical

Amp Ii itud e "tab I i t 5'x* Iij-Itr tm
0. 51' shor t-turm

fruqueit(y Stubi I ity <30 'lHz ( I: 106);
(carig-lorin: iours) 1,D M~tz .i tr, Au'.i I ixyr. Model 750

I i nq uin it

f-raiuenicy itjt)i I ity ' 1,/I (z. 109)
(bbaort-Trl: J. 1 '3Q0

Ii f f ract ion 6r at i fl'j

:,i (. v1 di t y i.3ngt h 71 cm

Gooli ng 1Mequ irmnt j 1-4 GI-N

Puwcr Requiremnents 115 volts, 50/60 lit,
600 WdtfS

3-mater Radius, if Curvatjre

Hi jh Volt jotjur, o La',r laid
Loat it

Paotelet-tric Stack and Power-
Hardwora l-icluded, S)ource, fcitibratad Lr at ing,

tLurrent Mtor, Flow Switch,
Intorlocks, Lasar Head, and
Power Supply

Sizu: Laser Head (ii.) 6 x 8 x M0
Powor Supply (in.) 5-1/4 x i4 x 1 7

Vi ip t: k r luid (I tO 35

.r )n t y yo jr t ' I, ~~ Ii lt

0"'t F (ec I 111,4b0

Cjool in 0j Unit 7()dl 1

kwoll nj Unit uLo,t 11,725
W(79



TAbAE 5. %YLVAN I M 0UEL 95LA TUNALLE LA~JE fAV' 4,ifH
(0001 - 10°0) I3AN',

Transition Wvelength lUin) Uutpul Iw)

PB 10.476 3.o

PIO 10.495 5.3

P12 10.514 6.9

P14 10.533 6.9

P16 10.552 7.3

P18 10.571 7.6

P20 I0.591 7.6

P22 10.o 12 7.7

P24 U.632 7.5

H2b 0.655 7.3

PZ6 10.675 7.0

P50 1U.6 7 b.4

P32 10.719 b.5

P34 10.742 5.7

P36 10.765 4.7

P36 10.788 4.3

P40 10.612 3.1
P42 10.836 2.1

6 10.350 1.2

R8 10.333 5.4

RIO 10.319 6.7

R12 10.304 7.5

R14 10.209 7.3

PI ID 10.275 8.1

R PO 10.261 8.3

R20 10.24 8.4

R22 10.234 3.5

R24 10.220 3.3

RA) 10.206 8.0

28 10. 195.

R30 ;0. 182 b.-

352 10.1 71 5.6

k34 10. 159 4.

33



Variable-Speed Chopper

In order to use a continuous wave (CW) laser in an optoacoustic spectrom-

eter, the light enterinq the sample iust be modulated. Tile light energy can be
frequency or amplitude modulated. The preferable method is to amplitude modu-

late (chop) tile laser light. Motor-driven slotted-wheel mechanical choppers

nave been desilned for this purpose (37-89, 105, 108, 142, 189, 190, 278, 289).

For this type ot system, the actual chopping rate is determined by multiplyinq

the number of apertures or slots in the rotating wheel by the rotational speed

of the drive motor. To minimize the synchronous background signal caused by a
motor-driven chopper wheel, the wheel must be balanced and vibrdtionally decou-
pled froii the sdiple cell by means of shock-absorbinq ounts. In addition, the
chopper and sar (l,, cel -,hould he spaced as far apart as possible; this ste )

usually involves dlacing the chopper wheel nedr the laser exit window. Also
desirable is 1i imfizinq the rotational velocity of the wheel hy usinq a maxilmum
number of apertures. McClelland and Kniseley have suggested the use of d solid

chopper wheel (io slots) to reduLe a oustic emission (206-208). Such a wheel

could, for exdi'Iple, be lade by deposilinq or photo-etchinq a metallic film pat-
tern onto a fusel sIlica disc.

Oscillatory devi :es, such as a tuning-fork chopper or a gal vanoeter-driven
ioirror-vane, can also be used for modulating the laser energy. However, such

devices are usua ly liited ii frequency and/or aperture.

Mechanical chopping can be avoided altogether if a pulsed laser is used. A

brief investigatlon of this approach, however, revealed no commercial source

with an acceptable combination of pulse energy and lifetime.

The nechauiral variable-speed light-chopper suitable for this task is the

Princeton Appl ied Research Model 192 Variable Speed Light Chopper. This unit
has a variable chuping rate ranging from 5 to 5500 cycles/sec (Hz) (190, 278).
Integrated circuitry provides dual reference signals (0 - b volt peak square
waves) at chopping rates suitable for synchronizing the reference channels of
the lock-in ariplifimers that will be used in this optoacoustic spectrometer
design. A brushloss direct-current drive motor eliminates electrical noise
caused by commutator arcing, and minimizes increases in operating temperature.
Maxiinuri temperature rise for this type of motor in continuous operation is less
than 100 C, a characteristic especially important in IR work where warmer chop-
ping blades act as an extraneous noise source. A shock-mounting plate provides
mechanical isolation between the chopper motor assembly and the work surface.

Microphone and Preamplifier

The pressure oscillation amplitudes in a sample cell can be detected with
various transducers, including condenser, electret, and piezoelectric miuro-
phones (7, 20, 29, 34, 35, 39, 54, 55, 68, 71, /;, 80, 81, 96-98, 102, 114, 118,

143, 150, 152, 1601, 173, 174, 179, 180, 8l, ?3, 204, 208, 212, 218, 219, 2301,
231, 240, 25b, 2.11, 2b4, 280, 281, 301, 313, 327-229, 339, 348). The condensfer
m1,icrophone is tho most sensitive and possesses a Hat frequency response in the
iodulation frequency range of interest. for optoacoustic spectroscony.
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Variable-Speed Chupper

In order to use a continuous wave (CW) iasUr irl dn optoc )UStiC spectrum-
eter, the light entering the sa:ple iust I)e iodaldted. The Iight energy can be
frequency or a:mplitude ;,odulated. The preferabl, iiethot is to ariplitude nodu-
late (chop) the laser light. Motor-driven slotted-wheel mechanical choppers
nave been designed for this purpose (3/-8 9, 105, 10)8, 142, 189, 190, 273, 289)
For this type of system, the actual chopping rate is determined by multilyinq
the numoer of apertures or slots in the rotating wheel by the rotational speed
of the drive motor. To minimiize the synchronous background siqnal caused by a
motor-driven chopper wheel, the wheel Must be balanced and vil)rationally decou-
pled from the sairiplp cell by means of shock-absorbinq miiunts. In addition, the
chopper and sacp , cel I should he spaced as far apart as pos'ihle; this ,t e
usually inIolves plating the chopper wheel nedr the 1dser exit window. Al so
desirable is iini :izinq the rotational velocity of the whee! by usingq a i!iax iurl
number of apertures. McClelland and Kniseley have suggesLed the use of a solid
chopper wheel (no slots) to reduce a ,ustic er-ission (200-?08). Such a wheel
could, for example, be iiade by depositinq or photo-etchinq a metallic film pat-
tern onto a fusel sIlica disc.

Oscillatory devi ces, such as a tuning-fork chopper or a galvanometer-driven
moirror-vane, can also be used for modulating the laser energy. However, such
devices are usua' ly limited iri frequency and/or aperture.

Mechanical chopping can be avOided altogether if a pulsed laser is used. A
brief investigatlon of this approach, however, revealed no commercial source
with an acceptable combiiation of pulse energy and lifetime.

The crecharnial variable-speed light-chopper suitable for this task is the
Princeton Applied iResearch Model 192 Variable Speed Light Chopper. This unit
has a varlable chupping rate ranging frori 5 to 5500 cycles/sec (Hz) (190, 278).
Integrated circuitry provides dual reference signals (0 - 5 volt peak square
waves) at chopping rates suitable for synchronizing the reference channels of
the lock-in amplifiers that will be used in this optoacoustic spectrometer
design. A brushless direct-current drive iotor eliminates electrical noise
caused by commutator arcing, and minimizes increases in operating temperature.
Maximum temperature rise for this type of motor in continuous operation is less
than 100C, a characteristic especially important in IR work where warmer chop-
ping blades act as an extraneous noise source. A shock-mounting plate provides
mechanical isolation between the chopper motor assembly and the work surface.

Microphone and Preamulifier

The pressure oscillation amplitudes in a samiple cell can be detected with
various transducers, including condenser, electret, arid piezoelectric miTro-
phones (7, 20, 29, 34, 35, 39, 54, 55, 68, 71, /8, 80, 81, 96-98, 102, 114, 118,
143, 150, 15?, 160, 173, 174, 179, 180, 1N8, ?03, 204, 208, 212, 218, 219, 230,
231, 240, 256, 2b/, 264, 280, 281, 3&t, 313, 327-229, 339, 348). The condens:,r
microphone is the most sensitive and possesses a flat frequency response in the
, todulation frequency range of interest for optoacoustic spectrosco)y.
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Tne wost sensitive ricrophorie- rlredo it r coi'rbi ,at ion t,;e jtL II ,9 frem c,

der.ial sources is the bruel j K I.er lode . 144 ir conderiser microphone :miO
;lodel 2619 low-noise preampi i her k0 , 109, ?14 , 218 , 219, 339). The important
technical characteri stics of tne wi, rofihone arid preidrpl ifier are sionwarlzed in
Vohles 4 and 5, respectively (bI , 109, 1i4, ?J9, 219, 339).

Laser Povier i'peter

,, laser power meter is el:rployed as a reference detector in the optoacoustic
spectrometer shown in Figure 1. Tire use of this meter permits the optoacoustic
signal to be normalized; and, as a result, temporal effects of laser power vari-
ations are eliilated (290). The instrumnent mrost suitable for this appl cation
is a therriopiIe detector (Model 210), manufactured by Coherent '.adiation ( 1 -.
]he technical speci ficat ions for thi s power ,efter are suriar i zei in Table 6

Lock-In Airpi it ier

Tnhe lock-in ampl i fier is one ,f the riost coiimon and effective instrurer-ts
designed to mieasure extremuely weak signal intensities in the presence of nise
(1, 2, 24, 41, 44, 46, 62, b3, 66, t7, /4, 8t, 9U, 93, 99, 121), 131, 17?, 1-0,
225, 230, 231, 243, 244, 278, 286, 302, 314, 337, 349, 350, 364, Y35). In prin-
ciple, they operate as extremely narrow-band detectors. A measurerient in which
a lock-in amplifier is utilized involves three main operations: afiplitude miodu-
lation (AM) of a carrier wave with the desired signal infornation; selective
amplification; and synchronous ,AM demodulation. Tile AM step is impleo'ented at
some specific point in the experimental systeimi (e.g., chopping of laser light);
arid the lock-in amplifier perforris the last two processing steps (1, 24, 41, 4a,
46, 6_, b3, b6, 74, 9U, 93, 99, 120, 131, 225, 243, 244, 33/, i49), 35o).

The key step in a lock-in am;)plifier mea,sureieont (thte step whih Oives coe
technique its na,:ie) is syncirunous AM deioduo&jtion . Synchroons dc,)odula: on
involves iulutipi i ation of the modulated carrier wave by a reference Si nal
(chopper reference signal) which has ,xactly the same frequency as the carrier
wave arid is phase-locked to the carrier wave at zero degrees phase shitt.
Deodulation is completed by integrating the output of the filtiplicaion step;
this process can be accoMplished usinq a low-pass filter.

A block diarIrari of a conventional lick-in ariwlifier is shown in Figure <.
Two input channels are provided: one to process the signal to be ieasured (am-
p)litude modulated carrier); and one to proces, the reference signal. In almost
all lock-in amplifier optoacoustic spectroscopy systems, the phase-lock refer-
Once signal is implemented by chopping the light bea;m with a mecharical chopper.
The reference signal is then phase-locked to the carrier frequency, but is not,
in eneral, locked at a zero degrees phase differential. Thus, a phaso shifter
is required in order that the relative phase of the reference signal can be
adjusted with respect to the carrier 'igrial. The corparator in the reference
channel converts the reterenco to a hi lroar square wave before this waveforli is
,iplled to the four-quadrant il) illier. Selective or tied aiplrfiors are also
micluded in ima(ii channel , arid ire oi ,l to ex,_lude iroag- banri (ind discrete ri so
it. the ds- r red ';rI I re i vriu r- . lIre tuur-ql:Jddraonl i ) iplier tenreitws a
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IAZi ',. 1TtOINI .A-L uAkAIt0,1 -li Of 3JiLL t. !JAtI ()I,
PHI AM4-PIF!H ANP MUI)EL 2804 1 041K .,

0.01 Ju * 2V2 A 2V/U.5 iiA

' ,Ijr Izt'u Jit t~ Trdnsmri ttQL throujr prearspi it jer to

Iptr,,e >10 .42//U.8 0r >7-:i//I pl'

.'utput Impedanrce <25 j <70 Q2

'4Aojimum Jutput -~urt ent 1.5 mA peak 0.5 rnA peek

l'ul .e Rise Time 0.2 liS 0.2 lis

Pulse Decay Time 0.6 ps 0.6 is

Temperature Hange -20' to + 6000 -2O0 to + 6000
(-40 to + 140 0

F) (-40 to + 140*F)

Attenuation <0.03 dli <0.1 d8
(Preamplifier ane)

Preampl ifier Noise (dummy microphone)
(Lin. 20 H-z to 200 kHz and A-weighted)

6U pF (I in. microphone) <15 liv <2.5 WY

17 pF (1/2 in. microphone) <25 0IV <4.5 Wv

6 pl- (1/4 in. mi crophrone) <SI. lpt <1 5 liv

5.t5 p1' Ai in. m icrop!- tel <70 IV <25 liv

ii 'onsiotis: (Ur :imirtur: 12.. 7 mm (U.5 i n.)

Len~it h:83 mm (3.25 in.)

ulile Lenyti 2 "1 (b.6 ft)

TABL.E 6. IEGHN(CAL CHARAGThklbTf(u OF GUHLJR1NT kAi.IAIIUN
MODEL 210 LASER POWER MLf(LR

Property Value

Lietfec tor Ibermopil~e
'pectra I Citgo (lrn) V.5 30

R i ,-I i toie (I oc)
Accuir icy (pet cun t)
A( t yeo [etector Area (nwl 1.H1
Pr Ii(.e (loc 19) $,2(

37



Illpu t Amli I i er Mu It I I,., 1 II ' Ina I

Fiqurt, ,i. Conventional 1 V:k-in ail if mr )lock ,Ilaqrdil.

product of tite phase-compensated carr ,r and rel!trortci, si'n als. This j'lultipl-
cation process produces the desi red intori uti on it ) and of frequencies about
the zero frequency co:iponent. P emod I at i on of tn,, t(es red si qnal is coiipletel
1y inteqrating the output of th;e i-l4t; 1 icatio)f process usinq a low-pass filter.

Several commercia l availdble lock-in aplIfiers are suitable for proces-
sing optoacoustic spectroscopy s1gnals (1, 87, 8 , 8 , 90, 93, 138, 139, 140,
141, 142, 1,3, 249, ?80, ?81 , 331 , 332, 341, 349, 350) . These are, in gen-
eral, coi;iplete processinq systels and aro very flexible in their application.
[ost 'f these systeiis icrely require o direct connection to a Suitable trdnS-
ducer (concrenser microphune/preampli tier) and reference signal (mechanical chop-
per). A sVril-chirt recorder connecti-d to the lock-in amplifier's output is
convenierr for oroducing a permdnent record of the processed information. The
Most verdtr' I )ck-irl amplifier for this optoacoustic spectrometer application
is the Primc'tor Applied Resedrch Corpa)ration (PARC) Model 124A with plug-in
p reamplitior Model 117 (90, 93, 13, P49, 280, 281, 331, 332, 341, 350). A sur-
nary of the technical chdracteristics for this lock-in dmrl itier and prealpli-
tier c )i'I1ation appears in Table I (8)0, 93, 193, 249). ?,0, 28I, 331, 332, 341,
350).

Rat iometer

Coripensation and normalization of laser beam tei:iporal intensity fluctua-
tions and phase chanqes can be accomplished usinl the contiguration of lock-in
amplifiers and ratioineter shown in fiqure 1. (The function of the lock-in
amplitiers has been discussed in the foregoinq section.) Normalization of the
two lock-in ampl ifier output signals can he accompl ished with several corimer-
cially avdilable instruments (144, 249, 290, 331, 332). The ratiometer most
suitable for this optoacoustic spectrompter desiqn is the Princeton Applied
Research Corporation (PARC) Model (18 Precision Digital Ratiometer (249, 331,
332). The electrical output characteristics of this rationeter are compatible
with must laboratory strip-chart recorders. A summary of the technical specifi-
cations for the Model 188 ratlo feLer is presented in Table 8 (249, 331, 332).



TABILE 7. r LCHN I [AL CI A RA,- rt. RIS I Is US ' ' I ml. U N P,'''
NESLARCIL CjRPORA1 ION MODEL 124A LC( cK-IN
AMPLIF IER AND MOULL 117 PRLAMPLIIE IR

Property Val ue

Frequuncy Range (Hz) 2-21 OX10~

Maximum cull-Scale Sensitivity (nanovolts) 100

Tme Constant I mil Iibecond - 390 sec
(6-12 db/octdve)

Signmal Channel: Modes ot Filtering and Modes: Notch, Flat, Hijh-Pas,,
Input Impedance (Zin ) Low-Pdss, and tdandposs.

Q = 1-100 with 10 per cent
Equi valent Noise bandwidth

zI= 100 megohms shunted by
2
6
'Picotarad capacitance

Reference Channel Modes Internal Vol tije Control lea
Osc illIator

Output Stability (> in 24-hour period) 15 ppm

Cal ibruition Level 20 rlanovolts to 100 miii ivo~ts
in 21 1le v vls

>0.5 per cent (I microvolt to
100 millivolts)

1 per cent (20 ndnovolts t,-

500 n anovo It)

Price (with preamplifier) (Dec 79) $4,785

Sample Cell Design

In designinq dfn optoacoustic systemn, the optinulm confiquration depends on
the specific application. The equations presented in the preceding section of
this review can be used to design an optoacoustic spectrometer to measure the
hydraZine fuels.

This design will use a nonresonanit, single-pass sdGilple cell; arid the mricro-~
phonie will he coupled directly to the gas container. The microphone and pmt-
allI)lifier technical charalcteristics appear in Tables 4 and 5 (68, 11), 214, ?l1,
210J, 339). The laser will be operated at a wavelength ot 101. Q? twi. Fnr 0in-
p IiCi1ty, the samle I cell and microphone equi vdlemt vol ulle,' irel dlSuVlE'i 011al

(V(' V10

T hu,, the rdi us and lengqthI of ani opt i aidily desi I ned nion resOnanit. Sifm~1 je- lid SS
el I Canl be calCUlated troii Equations /3 and /4:

z. = (V/A'/ 11.78 clIl (76)

112 - 2w = (V /T) Z 6.366 x 10 cm1 (77)

3 q



T AltI ItOIINOAL CHARAt;IERVJI lC,', (F PRINCI ION A"l'LIED

K1 LARGii MOOLL 168 l1ClION 0101 IA( RA!IJ U1ltl

Property Value

Feat ures 4-l112 Lfl gi tDi p I ay

R d 1i 0 (A/8)

*o~ iW( f~ 0 ( I ),I A/9)

-Direct Input Dis5play of

jliannel A or B

(Il-)( A )r B)

Input 6ensitivity 10 volts full scile for
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Tne thermal damping time (-T) can be calculated by equating it to the recipro-
cal of the frequency at which th (given by Eq. 3/j is equal to the container
radius:

TT'Po C p W 2/12<)

Substituting the values for air at STP [po 1.29 x ()- 3 gn.cn- 3 , Cp = 0.24 Cal

(gin deg)- ', and k = 5.48 x 10-5 cal (cm.sec - deg)"1 ] yields:

T= 1.145 x 1(0
-2 sec (19)

The noise equivalent power (NEP) can he calculated from Equation 41. Since the
effective spring constant is doubled when the microphone is coupled to the gas
container, it follows that w, Q, = 2 Lin Qm. The optimum modulation frequency

is r T 1. For time speed of light (c = 3.31 x 104 cim . sec - 1) and ' 1.403,

Equation 47 yields:

NEP = 3.6 x 10
i1 W/(Hz)

1 2 (11)

Since the absorbed power is (W-Z), the minimuim detectable absorption ("nin) is:

ami n 3.06 x 10- 12 W/[cm- (Hz) 11 2  (81)

The values of the electrical circuit elements in the equivalent circuit of
Figure 2 can be calculated using the data froi;i Tables 4 and 5. Substitutinq
into Equation 65 yields:

C IC' = 8.7 (82)

Therefore,

C' = 5.1 x I() - 2  farads (83)

When the mi crophorne is coupled to the aviple (el 1 , the spring constant i
doubled and the series capacitance (C') for the equl val ent ci rcult is given hy
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substitution into Equation 68, where VG is in volts and pp is in dynes-per-
square centimeter. Thus,

VG  = 4.4 x 10
-2  pill (84)

The values of the inductance (L) and resistance (R) are given by substitution

into Equations 6b and 61. Thus,

L = 71 henries (85)

R = 4.68 x 10n ohms (86)

The Johnson noise voltage generated by this resistor (R) is:

(4kTR)"' = 280 nanovolts/(Hz) (87)

Combining Equations 84 and 87 yields the equivalent noise pressure:

(pnoise) 1/2 = 6 x 10-' dyne * cm2 / (Hz) 1/2 (88)

If the frequency is well below resonance (w << wj), the voltage given by Equa-
tion 88 appears as a voltage at the input terminals of the preamplifier:

= 29 nanovolts/(Hz) 1 2  (89)

nm

In order for the preamplifier not to be the limiting noise source, the amplifier
voltage and current noise must be small compared to this value, that is:

Vna 12)112 < 29 nanovolts/(Hz) 1/2 
(90)

k/ < C jV nm  1 -10 amperes/(Hz) (91)
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Assuming that the current noise is produced by shot noise in the leakage current
of the input field-effect transistor (FET) of the preamplifier, the leakage cur-
rent, It, is restricted to:

It < 0.06 x 10 12 amperes (92)

The results of the foregoing calculations are summarized in Table 9. The sample
cell for a hydrazine fuel optoacoustic spectrometer is shown in Figure 9. A
schematic of the optoacoustic system shows the integration of all components
specified in this analysis (Fig. 10). The relative equipment costs are summa-
rized in Table 10.

CONCLUSION

This analysis has presented the basic theory of optoacoustic spectroscopy
oriented toward designing a specific system to measure the hydrazine fuels. The
fundamental goal in designing this system has been to measure absorption with
the greatest possible sensitivity and, thus, maximize the signal-to-noIse ratio.
In this analysis, all vital components have been selected from commercially
available sources and integrated into a system design.

A word of caution is due, however, because only the fundamental sources of
noise have been considered. In any real system, additional noise sources may
further degrade performance. Some commonly encountered problems are extraneous
acoustic noise, vibration-induced noise, and unwanted signals generated by
absorption of laser beam energy by sample cell walls and windows. To fine-tune
a specific system, each of these practical problems would have to be resolved.
For such purposes, experimentation has yielded the best results in the past, and
would be expected to do so in the future.
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TABLE 9. SUMMARY OF OPTIMUM DESIGN PARAMETERS FOR A HYDRAZINE FUEL

OPTOACOUSTIC SPECTROMETER

Parameter Value

Sample Cell Optical Path Length (.0 11.78 cm

Radius of Sample Cell (w) 6.366 x 10- 2 cm

Lero-Urder Mode Damping Time (T) 1.145 x 10
-2 

sec

Noise Equivalent Power (NEP) 3.6 x 10
- 1 1 

W/(Hz)1/2

Minimum Detectable Absorption (3Li n)  3 x 10- W/lcm.(Hz) I

Signal Source Voltage (VG/Pm) 4.4 x IU
-2 

V/(dyne.cm
2

Microphone Series Resonant Capacitance (0') 5.1 x i0- 12 farads

Microphone Series Resonant Inductance (L) 71 Henries

Microphone Series Resonant Resistance (R) 4.68 x 106 ohms

Equivalent Noise Diaphragm Pressure (Pn
2
) 112 6 x 10

-6 
dyn/icm 2(Hz) 112)

Noise Voltage at Preamplifier Input Resulting 29 nanovolts/(Hz)
1 1/2

from Thermal Fluctuation in Microphone and

Sample Cell (Vnm2)
1
/
2

Amplifier Noise Voltage (Upper Limit) (Vna) /
2  29 nanovolts/(Hz)1/2

Amplifier Current Noise (Upper Limit) (Tna)1/2 <10
- 16 mpores/(Hz)1/2

FET Gate Leakage Current (Upper Limit) (It) < 0.06 x 10
-1 2 

amperes
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Figure 9. Nonresonant single-pass sample cell design.
[KEY: A = microphone,

B = stainless-steel sample cell,
C = window collar,
D = BaF 2 window, and
E = "0" ring seal]
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